Two Gram-positive, moderately thermophilic, endospore-forming, rod-shaped, motile bacteria, designated PDF25
Turkey, and were characterized in order to determine their phylogenetic positions. 16S rRNA gene sequence analysis revealed that the two strains belonged to the genus Brevibacillus; strain PDF25
T showed highest sequence similarity to strain PDF30 (99.4 %) and Brevibacillus thermoruber DSM 7064 T (98.5 %). The major fatty acids of strain PDF25 T were iso-C 15 : 0 (39.30 %), anteiso-C 15 : 0 (26.10 %) and iso-C 16 : 0 (14.75 %). Polar lipid analysis revealed diphosphatidylglycerol, phosphatidylglycerol, phosphatidylmonomethylethanolamine, phosphatidylethanolamine, and a variety of unidentified aminophospholipids, phospholipids and aminolipids. The major isoprenoid quinone was MK-7. The G+C content of the genomic DNA was 56.09 mol%. DNA-DNA hybridization experiments revealed 58 % relatedness between strain PDF25 T and B.
thermoruber DSM 7064
T . Based on these data, the two strains are considered to represent a novel species of the genus Brevibacillus, for which the name Brevibacillus aydinogluensis sp. nov. is proposed. The type strain is PDF25 T (5DSM 24395 T 5LMG 26289 T ).
Bacillus brevis was first described in 1900 (Migula, 1900) and was reclassified as the type species (Brevibacillus brevis) of a new genus, Brevibacillus, along with nine other species of the Bacillus brevis group (Shida et al., 1996) . At the time of writing, the genus Brevibacillus comprised 16 species with validly published names. Members of the genus contain MK-7 as the major respiratory quinone, produce oval endospores in swollen sporangia, have DNA G+C contents in the range of 42.8-57.4 mol% and possess anteiso-C 15 : 0 and iso-C 15 : 0 as the major cellular fatty acids (Shida et al., 1996) . Distinguishing between species of these genera is extremely difficult as most strains have poor reactivity in conventional identification tests and few have useful differential phenotypic characteristics (Goto et al., 2004) . Even with molecular analyses, such as amplified rDNA restriction analysis, discriminating between all of the species is not always simple (Logan et al., 2002) . However, more recently, the sequence of the hypervariable (HV) region has been shown to be a powerful index for rapid and convenient identification and grouping of Brevibacillus (Goto et al., 2004) . In members of the genus Brevibacillus, the HV region sequence is highly conserved within a species but has diverged sufficiently between species to enable identification and grouping of Brevibacillus species by sequence comparisons of the HV region (Goto et al., 2004; Allan et al., 2005) .
In the present study, two strains (PDF25 T and PDF30) were isolated from a hot spring and characterized based on data from a polyphasic approach, including 16S rRNA gene sequence and HV region analysis, phenotypic properties, chemotaxonomic data and DNA-DNA hybridizations. The results indicated that strains PDF25
T and PDF30 represent a novel species of the genus Brevibacillus.
Strains PDF25
T and PDF30 were isolated from mud and water samples of the Karakoc hot spring in the province of Izmir, Turkey. The method used for isolation has been described previously (Belduz et al., 2003) . The water temperature of this hot spring is around 60-70 u C. After collection, mud and water samples were immediately used for enrichment in Degryse 162 liquid medium at 50 u C. Degryse 162 contained the following (l 10 ml 0. O, 0.0046 g. One-day-old enrichment cultures were repeatedly subcultured in 10 ml Degryse 162 liquid medium and streaked on agar plates to obtain separate colonies. The purity of the isolates was assessed by using colony morphology and microscopy. These isolates were routinely cultured on Degryse 162 agar and maintained at 280 u C as a suspension in Degryse 162 liquid medium supplemented with glycerol (20 %, v/v). Growth was tested on various media, i.e. Degryse 162 agar, nutrient agar (NA), Luria-Bertani (LB) and trypticase soy agar (TSA). Maximum growth for these strains was observed on Degryse 162 agar. Abundant growth was observed on TSA, but only weak growth was seen on NA and LB agar.
To characterize strains PDF25
T and PDF30 phenotypically, standard phenotypic tests were performed. Vegetative cells of strains PDF25
T and PDF30 were Gram-stained using the method of Dussault (1955) and the Gram type was also determined using the KOH test (Powers, 1995) . Cell morphology and motility were examined by using phasecontrast microscopy (Nikon Eclipse E600; Olympus) on an exponentially growing liquid culture. The morphology, size and pigmentation of colonies were observed under optimal growth conditions on agar medium after 1 day incubation at 50 u C. Growth was tested at various temperatures (30-65 u C) and pH (4.0-11.0 at 0.5 unit intervals, by using the appropriate biological buffers: Na 2 HPO 4 /NaH 2 PO 4 for below pH 8.0; Na 2 CO 3 /NaHCO 3 for pH 8.0-10.0; and Na 2 HPO 4 / NaOH for pH 11.0) in Degryse 162 liquid medium. The pH was readjusted after sterilization and growth was scored as the optical density at 600 nm. Salt tolerance was tested in Degryse 162 liquid medium supplemented with 0-4 % (w/v) NaCl (at intervals of 1 %). Anaerobic growth was tested using a GasPak pouch (Becton Dickinson). The oxidase reaction was performed on filter paper moistened with a 1 % (w/v) aqueous solution of N,N,N9,N9-tetramethyl-p-phenylenediamine (Baek et al., 2006) . Catalase activity was evaluated by means of bubble production in 3 % (v/v) aqueous H 2 O 2 solution (Baek et al., 2006) . Hydrolysis of casein was determined by observing clear zones surrounding growth on skim milk agar (Atlas, 1993) . Hydrolysis of starch was tested using starch agar as described by Smibert & Krieg (1994) . Utilization of organic compounds as sole carbon sources was tested by using the API 20E and Vitek Bacillus Biochemical Card (as Vitek 32 Identification cards) microtest systems incubated at 50 u C for 18-24 h according to the manufacturer's instructions (bioMérieux). Sporulation was tested on solid maintenance medium and sporangial morphology was assessed by the Schaeffer and Fulton staining method (Smibert & Krieg, 1994) .
16S rRNA genes were selectively amplified from purified genomic DNA by using oligonucleotide primers designed to anneal to conserved positions in the 59 and 39 regions of bacterial 16S rRNA genes: forward primer, UNI16S-L (59-ATTCTAGAGTTTGATCATGGCTTCA), corresponding to positions 11 to 26 of the Escherichia coli 16S rRNA gene; and reverse primer, UNI16S-R (59-ATGGTACCGTGTGACG-GGCGGTGTTGTA), corresponding to the complement of positions 1411 to 1393 of the E. coli 16S rRNA gene (Brosius et al., 1978) . PCR conditions were as described by Beffa et al. (1996) ; PCR products were cloned into pGEM-T vector systems and then 16S rRNA gene sequences were determined with an Applied Biosystems model 373A DNA sequencer by using the ABI PRISM cycle sequencing kit (Macrogen). 16S rRNA gene sequencing data were analysed using the EzTaxon server (http://www.eztaxon.org/; Chun et al., 2007) . The 16S rRNA gene sequences of related taxa were obtained from GenBank and edited by using the program BioEdit (Hall, 1999) . Multiple alignments were performed with the program CLUSTAL_X (Thompson et al., 1997) . Evolutionary distances were calculated by using Kimura's two-parameter model (Kimura, 1980) . Phylogenetic analyses were performed by the neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) and maximum-parsimony (Fitch, 1971) methods. Bootstrap analysis based on 1000 replicates was also conducted in order to obtain confidence levels for the branches (Felsenstein, 1985) . The phylogenetic trees were constructed using the programs MEGA4 (Tamura et al., 2007) and PAUP (Swofford, 2002) .
The HV region corresponded to the 59 end of the 16S rRNA gene (nucleotide positions 70-344; Bacillus subtilis numbering). HV regions were derived from almost-complete 16S rRNA gene sequences of strains PDF25
T and PDF30. Also, HV regions of Brevibacillus type strains were derived from 16S rRNA bacterial sequences available in GenBank. Multiple sequence alignment was performed with the program CLUSTAL_X (Thompson et al., 1997) and informative nucleotide positions among PDF25 T , PDF30 and B. thermoruber DSM 7064
T were determined. The calculation of pairwise HV region sequence similarities was achieved using the EzTaxon server (http://www.eztaxon.org/; Chun et al., 2007) .
Fatty acid methyl esters were obtained from 40 mg wet cells scraped from Degryse 162 agar plates after incubation at 50 u C for 24 h in the late-exponential growth phase by saponification, methylation and extraction using minor modifications of described methods (Kuykendall et al., 1988; Miller, 1982) . Fatty acid methyl ester mixtures were separated using the Sherlock Microbial Identification System (MIDI) using an Agilent model 6890N GC fitted with a 5 % phenylmethyl silicone capillary column (0.2 mm 6 25 m), a flame-ionization detector, an Agilent model 7683A automatic sampler and a Hewlett Packard computer with the MIDI database (Aerobic bacteria library, TSBA6 v6.10). Peaks were automatically integrated and percentages were calculated using the MIS Standard Software (Microbial ID). The GC parameters were as follows: carrier gas, ultra-high-purity hydrogen; column head pressure, 60 kPa; injection volume, 2 ml; column split ratio, 100 : 1; septum purge, 5 ml min
21
; column temperature change, from 170 to 270 u C at 5 u C min
; injection port temperature, 240 u C; and detector temperature, 300 u C.
Isoprenoid quinones and polar lipids were extracted from 100 mg freeze-dried cells using the two-stage method described by Tindall (1990a, b) . Isoprenoid quinones were extracted using methanol/hexane (Tindall, 1990a, b) , followed by phase separation into hexane. Polar lipids were extracted by adjusting the remaining methanol/0.3 % aqueous NaCl phase (containing the cell debris) to give a chloroform/methanol/0.3 % aqueous NaCl phase in the ratio 1 : 2 : 0.8 (by vol.). The extraction solvent was stirred overnight and the cell debris was pelleted by centrifugation. Polar lipids were recovered into the chloroform phase by adjusting the chloroform/methanol/0.3 % aqueous NaCl phase to a ratio of 1 : 1 : 0.9 (by vol.). Isoprenoid quinones were separated into different classes by TLC on silica gel (no. 805 023; Macherey-Nagel) using hexane/tert-butyl methyl ether (9 : 1, v/v) as the solvent. UV-absorbing bands corresponding to the different quinone classes were removed from the plate and further analysed by HPLC on a LDC Analytical HPLC (Thermo Separation Products) fitted with a reversed-phase column (2 mm 6 125 mm 6 3 mm; model RP18; Macherey-Nagel) using methanol/heptane (9 : 1, v/v) as the eluent. Quinones were identified by their UV spectra. Polar lipids were separated by two-dimensional TLC on silica gel (no. 818 135; Macherey-Nagel). The first direction was developed with chloroform/methanol/water (65 : 2 : 4, by vol) and the second direction was developed with chloroform/methanol/acetic acid/water (80 : 12 : 15 : 4, by vol.). Detection was performed using molybdophosphoric acid for total lipids, molybdenum blue spray for phosphates, ninhydrin for free amino groups, periodateSchiff for a-glycols and a-naphthol sulphuric acid for glycolipids. Full details are given by Tindall et al. (2007) .
For determination of the G+C content, genomic DNAs were extracted and purified using the method of Marmur (1961) . Genomic DNA G+C contents were determined from the midpoint value (melting temperature, T m ) of the thermal denaturation profile (Mandel & Marmur, 1968) using a model Cary 100 Bio UV/VIS-spectrophotometer equipped with a Peltier-thermostatted 666 multicell changer and a temperature controller with in situ temperature probe (Varian). Thermal denaturation was performed with approximately 20 mg DNA ml 21 from each sample in 0.16 SSC (16 SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Thermal conditions consisted of a ramp from 55 u C to 90 u C at 0.5 u C min 21 on a Bio UV/VIS-spectrophotometer. Thermal melt curves for sample DNAs were generated in triplicate. The DNA G+C contents for B. thermoruber DSM 7064 T and strains PDF25 T and PDF30 were calculated using linear regression analyses of T m against the G+C content of the standard DNA (i.e. E. coli K-12 DNA).
To determine the degree of genomic DNA relatedness between B. thermoruber DSM 7064 T and strains PDF25 T and PDF30, DNA-DNA hybridization was performed spectrophotometrically by DNA reassociation kinetics as described by De Ley et al. (1970) under consideration of the modifications described by Huß et al. (1983) . Genomic DNAs from B. thermoruber DSM 7064 T and strains PDF25 T and PDF30 were prepared according to the method of Marmur (1961) ; the purity and quality of each DNA preparation were checked by determination of the absorbance ratios at 260/280 nm (1.8 to 1.9) and at 260/230 nm (2.0 to 2.3) (according to Marmur, 1961) and by the melting curves, which include hyperchromicity values from 30 to 40 % (Mandel & Marmur, 1968) . Purified genomic DNAs were sonicated using a Sartorius Labsonic M to generate DNA fragments of between 400 and 800 bp in size. Sheared genomic DNA (about 100 mg) from each sample was added to 26 SSC and then denatured by raising the temperature to 100 uC and cooled to the melting temperature in the spectrophotometer. The samples were kept at the optimal renaturation temperature for 3 min and the absorbance at 260 nm was recorded at 30 s intervals for a total of 30 min. The initial reassociation kinetics were determined by using linear regression analysis. The DNA hybridization values (%) for these three micro-organisms were calculated using the equation described by De Ley et al. (1970) . A Cary 100 Bio UV/VIS-spectrophotometer, which was also used for determination of the G+C content, was used to measure renaturation. Hybridizations were replicated five times for each sample. The highest and lowest values for each sample were excluded and the remaining three values were used for calculation of the mean level of DNA-DNA relatedness.
Strains PDF25 T and PDF30 were cultured on Degryse 162 medium agar at 50 u C, yielding pale yellow, circular colonies. The two strains were aerobic, Gram-positive, motile, rod-shaped bacteria that were able to grow at 35-65 u C and pH 6-10. Endospores were formed within 2-3 days' incubation on Degryse 162 medium agar at 50 u C; they were ellipsoidal and located subterminally or centrally in swollen sporangia (Fig. 1) . Biochemical and physiological properties of PDF25
T and PDF30 are presented in Table 1 and in the species description.
Almost-complete 16S rRNA gene sequences of strains PDF25
T and PDF30 (1425 nt) were used for phylogenetic analyses. Comparative 16S rRNA gene sequence analyses showed that the two strains had high sequence similarity to members of the genus Brevibacillus; strain PDF25
T had the highest sequence similarity to PDF30 (99.4 %) and B. thermoruber DSM 7064 T (98.5 %). Based on 16S rRNA sequence analyses, strain PDF25
T resembled other type strains of species of the genus Brevibacillus, with similarities in the range 92.5-96.5 %. Levels of similarity between strain PDF30 and the type strains of recognized Brevibacillus species were almost the same as those for strain PDF25 T .
Comparative analysis of the 16S rRNA gene sequence of PDF25
T and PDF30 with those of representative strains from the genus Brevibacillus was performed using the neighbourjoining method. The phylogenetic tree revealed that strains PDF25
T and PDF30 are members of the genus Brevibacillus and the two strains formed a cluster with B. thermoruber
DSM 7064
T (100 % bootstrap support) (Fig. 2) . Topologies of phylogenetic trees built according to the maximumlikelihood and maximum-parsimony algorithms also supported the results of the neighbour-joining algorithm (Supplementary Figs S1 and S2, available in IJSEM Online).
The HV region sequence is a useful marker for rapid and convenient identification and grouping of Brevibacillus species. Comparisons of HV region sequences of PDF25 T , PDF30 and B. thermoruber DSM 7064 T are summarized in Table 2 , based on a comparison of 249 common nucleotide positions. The HV region sequences of PDF25 T and PDF30 were identical, but that of B. thermoruber DSM 7064 T differed from these two strains at 10 reliable nucleotide positions. Goto et al. (2004) determined that strains of each species of Brevibacillus cluster with their individual type strains with 100 % sequence similarity. The HV region sequence of PDF25 T showed 100 % sequence similarity to PDF30 and 96.4 % sequence similarity to B. thermoruber DSM 7064 T ; similarities of 86.3-93.6 % were observed with other type strains of members of the genus Brevibacillus. Thus, PDF25
T could be regarded as a representative of an independent species.
The cellular fatty acids of strains PDF25
T and PDF30 and related Brevibacillus species are given in Table 3 . The major fatty acids of strain PDF25
T were iso-C 15 : 0 (39.30 %), anteiso-C 15 : 0 (26.10 %) and iso-C 16 : 0 (14.75 %). The fatty acid profile of strain PDF25
T was very similar to that of PDF30 but could be distinguished from that of B. thermoruber DSM 7064
T by having a higher percentage of C 16 : 0 and a lower percentage of iso-C 15 : 0.
The major isoprenoid quinone of strains PDF25
T and PDF30 was MK-7. This quinone system (MK-7) is a characteristic feature of members of the genus Brevibacillus (Shida et al., 1996) . Strains PDF25
T and PDF30 and B. thermoruber DSM 7064 T showed similar polar lipid patterns. Like B. thermoruber DSM 7064 T , strains PDF25
T and PDF30 contained the following predominant polar lipids: diphosphatidylglycerol, phosphatidylmonomethylethanolamine, phosphatidylethanolamine, phosphatidylglycerol, unidentified aminophospholipid-1, unknown phospholipid-2, unknown phospholipid-3, unidentified aminolipid-1 and unidentified aminolipid-2. Small amounts of unknown aminophospholipid-2 and unknown phospholipid-1 were also detected, which differed from the profile of B. thermoruber DSM 7064 T . Chromatograms of the total lipids of strains PDF25 T and PDF30 and B. thermoruber DSM 7064 T are given in Supplementary  Fig. S3 tions, 61, 60, 58, 56, 55 %) . PDF30 also showed a low level of DNA-DNA relatedness with B. thermoruber DSM 7064 T (mean value, 60 %; five repetitions, 61, 60, 60, 59, 58 %) . The level of DNA-DNA relatedness between strain PDF25 T and B. thermoruber DSM 7064 T was 58 %, which is clearly below the 70 % threshold accepted for species delineation (Stackebrandt & Goebel, 1994; Wayne et al., 1987) . Thus, our results support the placement of strains PDF25 T and showing ellipsoidal endospores located subterminally and centrally in swollen sporangia. Bars, 2 mm. Cells are Gram-positive, aerobic, motile rods, 0.3-0.6 mm in diameter and 2.0-4.3 mm long after growth on Degryse 162 medium agar at 50 uC for 2 days. Colonies grown on Degryse 162 medium agar for 2 days are smooth, glossy, pale yellow and circular. Endospores are ellipsoidal, occurring subterminally or centrally in swollen sporangia. Cells grow at 35-65 u C (optimum, 55 u C) and pH 6.0-10 (optimum of pH 7.0). Growth occurs in the absence of NaCl and in the presence of 2.0 % (w/v) NaCl, but not in 3 % (w/v) NaCl. Catalase-negative and oxidase-positive. Casein and starch are hydrolysed. Nitrate is not reduced to nitrite. In the API 20E strip reactions, ONPG hydrolysis, arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, citrate utilization, hydrogen sulfide production, urease, tryptophan deaminase, indole production and Voges-Proskauer are negative; only gelatin is hydrolysed. The following carbon sources are not assimilated in the VITEK 32 System using Vitek Bacillus Biochemical Card (B): sucrose, tagatose, glucose, inositol, galactose, mannitol, raffinose, salicin, amygdalin, maltose, trehalose, palatinose, sorbitol, N-acetylglucosamine, amylopectin, potassium thiocyanate, arabitol and aesculin. The following carbon sources are assimilated: arabinose, xylose, inulin and ribose. The major cellular fatty acids are iso-C 15 : 0 , anteiso-C 15 : 0 and iso-C 16 : 0 . Cellular polar lipids include diphosphatidylglycerol, phosphatidylglycerol, phosphatidylmonomethylethanolamine, phosphatidylethanolamine, and a variety of unidentified aminophospholipids, phospholipids and aminolipids. The predominant quinone is MK-7.
The type strain is PDF25 T (5DSM 24395 T 5LMG 26289 T ), isolated from Karakoc hot spring in Izmir, Turkey. The DNA G+C content of PDF25 T is 56.09 mol%. PDF30, isolated from the same hot spring, is a second strain of the species. 
